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Importance of a Single Base Pair for
Discrimination between Intron-Containing
and Intronless Alleles by Endonuclease I-BmoI
substrate in the vicinity of the intron IS, would medi-
ate discrimination between substrates at the level of
DNA cleavage, as specific nucleotides required for effi-
cient cleavage would only be present in intronless
substrate [8].
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changed positions1 to6 of intronless thyA substrate
to the corresponding sequence present in the same
position of intron-containing thyA substrate; all of theseSummary
mutations are transversion substitutions (Figure 2A).
These six base pairs are likely to be involved in cleavageHoming endonucleases initiate mobility of their host
specificity, because they encompass both the top andgroup I introns by binding to and cleaving lengthy rec-
bottom strand cleavage sites of I-BmoI on intronlessognition sequences that are typically centered on the
substrate, which I-BmoI cleaves poorly [8]. We alsointron insertion site (IS) of intronless alleles [1, 2]. Be-
made double, triple, and quadruple substitutions thatcause the intron interrupts the endonucleases’ recog-
changed intronless to intron-containing thyA sequence.nition sequence, intron-containing alleles are immune
I-BmoI cleavage efficiency was assayed on linearizedto cleavage by their own endonuclease [3]. I-TevI and
plasmids and was compared to cleavage of intronlessI-BmoI are related GIY-YIG endonucleases that bind
thyA substrate (Figures 1B and 2B).a homologous stretch of thymidylate synthase (TS)-
No one single substitution reduced I-BmoI cleavageencoding DNA but use different strategies to distin-
efficiency by more than one-third compared to cleavageguish intronless from intron-containing substrates
of intronless thyA substrate (Figure 2B). The one mutant[4–8]. I-TevI discriminates between substrates at the
that reduced activity from70% to50% was the G-2Tlevel of DNA binding, as its recognition sequence is
mutant. Surprisingly, some double or triple substitu-centered on the intron IS [5–7]. I-BmoI, in contrast,
tions, particularly those in positions 3 to 6, werepossesses a very asymmetric recognition sequence
cleaved with an efficiency similar to that for intronlesswith respect to the intron IS, binds both intron-con-
substrate. However, substitutions made at position 2taining and intronless TS-encoding substrates, but ef-
in combination with other positions resulted in a 5- toficiently cleaves only intronless substrate [8]. Here,
35-fold reduction in cleavage activity compared withwe show that I-BmoI is extremely tolerant of multiple
the level observed in intron-containing substrate. Wesubstitutions around its cleavage sites and has a low
eliminated the possibility that reduced cleavage couldspecific activity. However, a single G-C base pair, at
be the result of reduced binding affinity by performingposition 2 of a 39-base pair recognition sequence,
electrophoretic mobility shift assays, and we alsois a major determinant for cleavage efficiency and
showed that the position of the top strand cleavagedistinguishes intronless from intron-containing alleles.
site remained the same irrespective of substrate (notStrikingly, this G-C base pair is universally conserved
shown). A mutant substrate in which positions1 to 6in phylogenetically diverse TS-coding sequences; this
were replaced with the homologous six base pairs offinding suggests that I-BmoI has evolved exquisite
the I-TevI recognition sequence, positions 22 to 27cleavage requirements to maximize the potential to
(Figure 1A), was cleaved as efficiently as thyA intronlessspread to variant intronless alleles, while minimizing
substrate (T4 td In; Figure 2B). Collectively, these datacleavage at its own intron-containing allele.
suggest that position G-2, which lies 3 to the top strand
cleavage site of intronless thyA substrate, is important
Results and Discussion for I-BmoI cleavage efficiency. In contrast, the endonu-
clease appears tolerant of substitutions at the bottom
I-BmoI Is Tolerant of Multiple Substitutions strand cleavage site, as this substrate (4,5 In) is
around Its Cleavage Sites cleaved as efficiently as intronless substrate.
Previous studies on the DNA binding and cleavage prop- Interestingly, two base pairs that are identical be-
erties of I-BmoI and I-TevI revealed different strategies tween thyA and td substrates in the cleavage region are
by which each endonuclease discriminates intronless the C-G dinucleotide flanking each endonuclease’s top
from intron-containing substrates (Figure 1A) [5–8]. In strand cleavage sites (Figures 1 and 2). Previous studies
particular, DNase I footprinting indicated that I-BmoI with I-TevI identified G-23 of intronless td substrate,
protects 37 base pairs of exon2 sequence, which would homologous to G-2 of I-BmoI thyA substrate, as impor-
be present in both intronless and intron-containing sub- tant for cleavage efficiency [9, 10].
strates [8]. These findings led us to propose that the N-ter-
minal catalytic domain of I-BmoI, which would be posi-
tioned to contact intronless or intron-containing thyA I-BmoI Cleaves a Randomized Substrate
To examine in further detail the degree to which I-BmoI
can tolerate nucleotide substitutions around its cleav-*Correspondence: edgell@wadsworth.org
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age sites, we synthesized a substrate in which positions
1 to 6 surrounding the top and bottom strand cleav-
age sites were randomized, representing 4096 possible
substrates. A control substrate was also synthesized,
in which the six positions were not randomized, corre-
sponding to intronless thyA substrate (Figure 3A).
We initially performed DNA binding assays to deter-
mine whether complete randomization of positions 1
to 6 would affect I-BmoI substrate interactions. Char-
acteristic band shift complexes were observed that cor-
respond to interactions of the full-length protein with
substrate (Uc), or of proteolyzed fragments that retain
DNA binding activity (Lc) [8]; this finding indicates that
I-BmoI was not appreciably compromised in binding to
the randomized substrate (Figure 3B). To determine the
extent to which I-BmoI can cleave the randomized sub-
strate pool, we performed cleavage assays with increas-
ing concentrations of I-BmoI (Figure 3C). Under condi-
tions in which 75%–80% cleavage of the control thyA
substrate was achieved, 38% of the randomized sub-
strate pool was cleaved. These data, combined with
those shown in Figure 2, provide evidence that I-BmoI
does not possess a stringent overall specificity require-
ment around the cleavage sites.
A Single Base Pair Influences I-BmoI
Cleavage Efficiency
While cleavage of randomized oligonucleotide sub-
strates can provide an overall estimate of the degree of
sequence tolerance of each endonuclease to substitu-
tions around its cleavage sites, such an experiment can-
not provide information on the importance of individual
nucleotides. We thus cloned the randomized oligonucle-
otides (Figure 4A) into pBS to create a randomized plas-
mid library [11]. A single round of selection of plasmids
that were substrates for I-BmoI consisted of digestion
of the plasmid libraries, followed by isolation of linear
bands from agarose gels, subsequent ligation, and am-
plification in E. coli. At each round of selection, we se-
quenced the isolated plasmid pool, which allowed us
to estimate the frequency of selected nucleotides rela-
tive to the starting pool at each of the six randomized
positions [12]. We also randomized positions 12
and 13 relative to the intron IS, which are unlikely to
affect cleavage specificity, in order to gauge the signifi-
cance of selection at positions 1 to 6.
Based on results from Figure 3 showing that I-BmoI
can cleave a significant fraction of the randomized pool,
we did not expect to see a dramatic increase in cleavage
of the plasmid pool during each round of selection; this
finding is consistent with the idea that I-BmoI does not
Figure 1. I-BmoI/I-TevI Comparisons
(A) I-BmoI and I-TevI are modular GIY-YIG endonucleases. I-BmoI I-BmoI has a second  helix [7]. Positions of the top and bottom
(top, light gray) has an asymmetric footprint relative to the intron strand cleavage sites are indicated by open and black triangles,
IS, whereas I-TevI (bottom, dark gray) has a footprint centered on respectively. Nucleotides conserved between the two recognition
the intron IS. Shown are representations of I-BmoI and I-TevI interac- sites are underlined. The position of the intron IS is indicated by a
tions with the coding strand of thyA and td intronless DNA, respec- vertical line.
tively. The extent of protein:DNA interactions is based on biochemi- (B) Comparison of cleavage activity. A 200-base pair thyA or td PCR
cal data [6, 8] and from modeling of the I-TevI N- and C-terminal fragment was end labeled on the top strand and was incubated with
structures [7, 18, 19]. Whereas I-TevI and I-BmoI can be divided increasing concentrations of in vitro-synthesized I-BmoI or I-TevI
into a catalytic and a DNA binding domain with an  helix and a or with mock-translated wheat germ extract (WG) [19]. A histogram
helix-turn-helix (H-T-H) motif, I-TevI has a zinc finger (Zn), while of the cleavage reactions is shown in the bottom panel.
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Figure 3. I-BmoI Efficiently Cleaves a Randomized Pool
(A) Substrates corresponding to the intronless thyA gene were com-
pletely randomized at positions 1 to 6 (randomized substrate) or
were unchanged (control substrate). The sizes of cleavage products
expected for top strand- or bottom strand-labeled substrates are
indicated by dashed lines. Top and bottom strand cleavage sites
are indicated as in Figure 1.
(B) I-BmoI binding with randomization of nucleotides surrounding
Figure 2. I-BmoI Is Tolerant of Multiple Nucleotide Substitutions the cleavage sites. Decreasing concentrations of I-BmoI were incu-
around the Cleavage Sites bated with 0.1 pmole control or randomized substrates and were
(A) Top strand sequences of the intronless (In) and intron-con- resolved on 8% native polyacrylamide gels [8]. Final concentrations
taining (In) B. mojavensis thyA gene. The I-BmoI DNase I footprint of I-BmoI ranged from 450 nM to 0.35 nM. Uc, upper complex; Lc,
on both substrates is indicated by a shaded box [8]. Differences lower complex; UNB, unbound substrate.
between the substrates are indicated by underlined and bold lower (C) Cleavage assays with control or randomized substrates and
case text. Top and bottom strand cleavage sites are indicated as increasing concentrations of I-BmoI. Shown is a 10% denaturing
in Figure 1. polyacrylamide gel with top strand-labeled substrate. Final I-BmoI
(B) Mutant substrates used in cleavage assays. Shown are the six concentrations ranged from 100 nM to 900 nM.
nucleotides from positions 1 to 6, numbered according to the
substitution made at that position, of top strand intronless thyA
substrate that flank the I-BmoI cleavage sites. The remainder of the starting pool increased by 1.5-fold and by 2.3-fold by
thyA sequence, from positions 1 to  43, is unchanged in each
round 3 (Figures 4B and 4C). This trend continued forsubstrate. Nucleotides in bold and lower case indicate substitutions
an additional two rounds of selection, with an increaseof nucleotides in intronless substrate to the corresponding nucleo-
of 2.5-fold for G-2 after round 5 (not shown). No obvioustide in intron-containing substrate. Cleavage activity is expressed
as a percentage of substrate cleaved in 15 min at 37C in 10 mM positive selection was observed at any other position,
MgCl2. Errors bars were calculated from three independent experi- as judged by comparison with the ratio of nucleotides
ments. at positions12 and13, which ranged from a minimum
of 0.78 to a maximum of 1 (Figure 4C). Selection against
particular nucleotides was observed, however, as thepossess a fixed substrate. We chose an initial protein
concentration at which 1% of the initial pool was ratio of T at position 2 was 0.32 after round 3 (Figure
4C), suggesting that clones with T-2 were not efficientcleaved by I-BmoI. Selection of a preferred base pair at
position 2 was apparent after only a single round, substrates for cleavage by I-BmoI. Interestingly, the in-
tron-containing thyA substrate has a T at this position,however, as the frequency of G-2 relative to that of the
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Figure 4. A Single Base Pair Is Important for I-BmoI Cleavage
(A) Top strand sequence of the substrate used for construction of the randomized plasmid library. Top and bottom strand cleavage sites,
and the position of the intron IS, are indicated as in Figure 1.
(B) A representative sequencing gel of the starting library (pool) and of selection rounds 1–3. Nucleotide positions relative to the intron IS are
indicated, as are the top (open triangle) and bottom (black triangle) cleavage sites. Position G-2 is indicated by an asterisk.
(C) Quantitation of round 3 selection, expressed as the ratio of selected to unselected (starting pool) bands for each nucleotide at each of
the six randomized positions and for positions 12 and 13. Position G-2 is indicated by an asterisk.
(D) Logos representation [20] of nucleotide frequency of positions 1 to 6 of sequences obtained from 61 independent clones from the
round 5 selection. Top and bottom strand cleavage sites are indicated as in (A).
(E) Logos representation [20] of the I-BmoI cleavage site region of 42 publicly available TS sequences. The six nucleotides shown correspond
to positions 1 to 6 of intronless thyA substrate.
whereas the intronless substrate has a G at this position I-BmoI efficiently cleaves substrates with a G at
position2, and that the identity of nucleotides flanking(Figure 2A). Although we cannot exclude the possibility
that sequence upstream of position 6 may affect the bottom strand cleavage site at positions 4 and 5
have little influence on cleavage efficiency.I-BmoI cleavage efficiency, these data, combined with
the directed mutagenesis data (Figure 2), suggest that We also sequenced 61 independent plasmid clones
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from the round 5 selection and found that G at determinant, I-BmoI accomplishes two tasks: it maxi-
mizes the potential to cleave related substrates no mat-position 2 was present in 85% of the clones (Figure
4D). Of the nine clones that did not have a G at position ter what arginine codon is present (CGN or AGPur), and
it minimizes cleavage at intron-containing substrates,2, none of them had a T at this position. We did not
recover the intronless thyA sequence, implying that it is because the G at position 2 is replaced by a T (Figure
2), which is selected against by I-BmoI (Figure 4).not a preferred substrate for I-BmoI.
To determine the biological relevance of the selected A growing body of data points toward the biochemical
flexibility of GIY-YIG endonucleases [7–9, 18, 19]. In par-I-BmoI substrates, we aligned the six nucleotides corre-
sponding to the I-BmoI cleavage site region from 42 TS ticular, the modular nature that separates DNA binding
from DNA cleavage functions [6–8] might be well suitedsequences available in public databases (Figure 4E).
These six nucleotides are homologous to positions 1 to rapid evolution of altered binding and cleavage activi-
ties, so as to adapt to the insertion site of their hostto 6 of intronless thyA substrate (Figures 1A and 2A)
and correspond to Gln217 and Arg218 of E. coli TS, the group I intron. Indeed, our data suggest that I-BmoI and
I-TevI have used two distinct modes of evolution tolatter of which is critical for TS function [13]. The same
base pair that we identified as important for I-BmoI individually adapt to their intron IS: gross changes in
protein structure, through assembly of distinct units incleavage (Figure 4D) is universally conserved in a broad
phylogenetic sampling of TS sequences (position 2, the C-terminal DNA binding domain [7], and fine tuning
of catalytic activity within very similar N-terminal cleav-Figure 4E); this finding suggests that our selection data
accurately identify potential I-BmoI substrates. age domains by subtle mutation, as described here.
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